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ABSTRACT
4*4,The s p e c t r a l  p ro p e r t ie s  o f  th e  u ra n y l io n , UO2 , have been 
th e  s u b je c t  o f  many p a s t  in v e s t ig a t io n s ,  each  u s u a lly  concerned 
w ith  on ly  one p ro p e r ty . The work re p o rte d  h e re  I s  an a ttem p t to  
extend  th e se  in v e s t ig a t io n s  and to  p ro v id e  some degree o f  c o r re ­
la t io n  between th e  v a r io u s  p a ra m e te rs .
A nalyses o f  th e  phosphorescence f in e  s t r u c tu r e  o f  a number 
o f u ran y l compounds have been done and s a t i s f a c to r y  assignm ents 
o f th e  p r in c ip a l  bands made in  term s o f  com binations o f th e  funda­
m ental modes o f th e  u ra n y l e n t i t y .
The phosphorescence l i f e t im e  o f  u ra n y l has been e s ta b lis h e d  
to  be on th e  o rd e r  o f 1 0“^ seconds and has been shown to  be r e l ­
a t iv e ly  independent o f  su rround ing  m o lecu la r  s t r u c tu r e .
A v a l id  new sp ec tro ch em lca l s e r i e s  o f  lig an d  n u c le o p h i l l -  
c i t y  has been o b ta in ed  from m easurem ents o f th e  (0 , 0 ) em ission  
bands in  a s e r ie s  o f u ra n y l compounds.
A sem i-em p irica l eq u a tio n  fo r  th e  p r e d ic t io n  of U-0 bond 
d is ta n c e s  has been in v e s t ig a te d  and found to  produce reaso n ab le  
r e s u l t s  upon com parison w ith  ex p e rim en ta l v a lu e s .
A v a len ce  fo rc e  f i e ld  tre a tm e n t o f th e  u ra n y l group has 
been made assum ing a l in e a r  geom etric  c o n f ig u ra tio n  and the 
p re d ic te d  r a t i o  o f th e  symm etric and asym m etric s t r e tc h in g  f r e ­
quencies found to  ag re e  w ell w ith  ex p erim en ta l v a lu e s .
v i i i
A nalyses o f  u ra n y l e x c i ta t io n  s p e c tra  by th e  method o f 
apaelnga In d ic a te  th e  p resence  o f  s e v e ra l  e le c tro n ic  t r a n s i t io n s  
hav in g  superposed  v ib r a t io n a l  s t r u c tu r e .  S tu d ies  o f r e l a t iv e  
p o la r i s a t io n s  o f  e le c t r o n ic  bands su p p o rt th e  p re d ic te d  n a tu re  o f  
th e s e  t r a n s i t i o n s .
Ix
INTRODUCTION
The e p e c tr e l  p ro p e r t ie s  o f  th e  u ran y l loo  have been th e  
s u b je c t  o f  many in v e s t ig a t io n s  over a  p e r io d  o f  more than  one 
hundred y e a rs .  In  g e n e ra l, m ost o f  th e se  re se a rc h e s  have ce n te red  
abou t some one s p e c t r a l  p ro p e r ty  o f  U0£+, e . g . ,  l i f e t im e  o f  lu e i - .  
nescence (17, 23, 39, 4 0 ), f in e  s t r u c tu r e  o f  lum inescence (11, 22, 
29, 31 ), u l t r a v i o l e t  a b so rp tio n  (19, 30), in f r a r e d  a b so rp tio n  
(2, 14), and raman spectrum  (S ).
The most re c e n t com prehensive s tudy  o f  th e  sp ec tro sc o p ic  
p ro p e r t ie s  o f Uo£* i s  th a t  o f  Dieke and Duncan (6 ) .  These workers 
have com piled v ery  d e ta i le d  d a ta  on th e  lum inescence s p e c tra ,  
u l t r a v i o l e t  a b so rp tio n  s p e c tra  and x -ra y  an a ly se s  o f  a  number o f 
u ran y l compounds.
In  t h i s  s tu d y  we have endeavored to  e s ta b l i s h  some c o r r e la ­
t io n  between s e v e ra l  s p e c t r a l  p ro p e r t ie s  o f U0£+ and to  r e l a t e  
th e se  p ro p e r t ie s  to  th e  m o lecu la r s t r u c tu r e s  in v o lv ed . The f i r s t  
s te p s  in  th e  p re se n t program were th e  g e n e ra liz e d  c a lc u la t io n s  
co v erin g  a l l  a c t in y l  io n s , proposed by McGlynn and Smith (24, 25 ). 
S ubsequently , an e m p ir ic a l c o r r e la t io n  dem onstra ting  a r e la t io n s h ip  
between th e  a u c l e o p h i l i c i t y  of a  sp ec ie s  l ig a te d  to  an<J th e  
V3 v ib ra t io n  o f UO^ was p re se n te d  by th e se  w orkers.
The in v e s t ig a t io n s  undertaken  by th e  w r i te r  have covered 
th e  fo llo w in g :
1
2
A. A n aly sis  and assignm ent of tb a  f ln a  s t r u c tu r e  o f  th a  
lum inescence s p e c tra  o f v a rio u s  u ran y l compounds.
B. Valnas o f th a  luminescence l i f e t im e s  In  v a r io u s  u ra n y l 
compounds.
C. E f f e c t  o f  e q u a to r ia l  l ig a t io n  on th e  a b s o lu te  v a lu e  o f  
th e  (0 , 0 ) lum inescence band.
D. E f fe c t  o f  e q u a to r ia l  l ig a t io n  on the a x i a l  U-0 bond 
d is ta n c e .
E. P robable  c o n fig u ra tio n  of th e  u rany l Io n .
F. A nalysis  o f the e le c tro n ic  e x c i ta t io n  spectrum  o f U0£*.
EXPERIMENTAL RESULTS AND DISCUSSION
A. FINE STRUCTURE OF PHOSPHORESCENCE
The c h a r a c t e r i s t i c  g reen  em issio n  o f  th e  u ra n y l Ion has been 
termed f lu o re sc e n c e  f o r  many y e a rs  a lth o u g h  some w orkers have p re ­
f e r re d  th e  le s s  e x p l i c i t  term  lum inescence. McGlynn and Smith have 
advocated  th e  sp e c tro sc o p ic  d e s ig n a tio n  "phosphorescence” s in c e  th e  
em ission  does indeed  ap p ear to  be t r l p l e t - s i n g l e t  in  n a tu r e .  This 
term inology  w i l l  be used  h e re .
E x p erim en ta lly  th e  em iss io n  i s  found to  c o n s is t  o f a  number 
o f f a i r l y  In te n se  bands s e p a ra te d  by in te r v a l s  o f  abou t 900 cm’ *. 
Under s u f f i c i e n t  r e s o lu t io n  th e  bands can be f u r th e r  seen to  e x h ib i t  
v a ry in g  degrees o f  f in e  s t r u c tu r e .  The in t e r p r e t a t i o n  o f th e  
spac ln g 8 between th e  f i r s t  l in e s  o f each group a s  th e  (symmetric 
s t r e t c h )  and th e  sp ac in g  o f th e  s t r o n g e s t  l i n e  in  each  group from 
th e  f i r s t  l i n e  to  th e  p receed ln g  group a s  b e in g  th e  03  (asymmetric 
s t r e t c h )  has long been a c c e p te d . However, th e  f in e  s t r u c tu r e  o f 
th e  in d iv id u a l bands has been th e  s u b je c t  o f  some co n tro v e rsy . In 
th e  e a r ly  work o f Freyman (11, 12), Volodko (4 7 ), Sevechenko (38), 
Stepanov (4 2 ), and Gordon (1 5 ), th e  s t r u c tu r e  was a t t r i b u t e d  e n t i r e ly  
to  some type o f c r y s t a l  l a t t i c e  v ib r a t io n .  In  re c e n t y e a rs , however, 
th e re  seems to  be g e n e ra l agreem ent th a t  th e  m a jo r i ty  o f th e  bands 
can be accounted  f o r  in  term s o f  com binations and overto n es  o f »]_,
\>3 , and 02  (bending m ode). Such assignm en ts  have been made in  con­




In  t h i s  work we have ob ta in ed  th e  phoaphoreecence s p e c tra  o f 
a  number o f u ran y l compounds. The observed fre q u e n c ie s  and t h e i r  
p robab le  o r ig in s  a r e  summarized in  T ables I  through V II and i l l u s ­
t r a te d  in  F ig u res  1 through 8 .
In  o rd e r  to  check th e  a b so lu te  v a lu e s  o f th a  UOjg* fundam entals 
used in  th e se  a n a ly se s , i t  was f e l t  d e s ir a b le  a ls o  to  o b ta in  them 
Independen tly  from in f ra re d  a b so rp tio n . and V3 (ca . 860 cm“* and 
940 cm*]-, r e s p e c t iv e ly )  were e a s i ly  o b ta in ed , bu t th e  value  o f  \>2 
(ca . 200 cm”*) was much le s s  a c c e s sa b le . The g e n e ra lly  accep ted  
v a lu e  i s  abou t 210 cm"*-, th e  v a lu e  o r ig in a l ly  re p o rte d  by Con and 
Wu (5) from raman m easurem ents. As seen from th e  ta b u la te d  d a ta , 
our v a lu e s  o f ^  ranged from 62 to  255 cm“*. While fo r  reaso n s o f
in s tru m e n ta l d i f f i c u l ty  we cannot ru le  o u t u n eq u iv o ca lly  th e  p o s s i ­
b i l i t y  o f  an a b so rp tio n  a t  210 cm"*, we d id  n o t d e te c t  any. I t  i s  
su g g ested  th a t  th e  210 cm”* frequency which was observed by Con and 
Wu can be a t t r i b u t e d  to  a s tro n g  p e r tu rb a t io n  of th e  Udtj* under th e  
sample c o n d itio n s  used . These c o n d itio n s  in c lu d ed :
a .  Use o f s a tu ra te d  aqueous s o lu t io n s  o f th e  u ran y l compound,
b . a d d it io n  of po tassium  io d id e  to  th e  s o lu t io n , and
c . concom itant appearance of m o lecu lar io d in e  in  th e  s o lu ­
t io n  by the  decom position o f th e  po tassium  io d id e .
In  b r i e f ,  we f e e l  th a t  our observed v a lu e  o f  ^  has a s  much 
claim  to  v a l id i t y  a s  th a t  o f Con and Wu. I t  i s  w e ll  to  n o te  th a t  
in  t h i s  p a r t i c u la r  reg io n  s e v e ra l  seldom co n sid e red  sp ec ie s  may 
ab so rb , e . g . ,  th e  fundam ental H-bond s t r e tc h in g  mode i s  re p o rte d  (41) 
to  l i e  between 100 and 300 cm”*. T h e re fo re , th e  p o s s i b i l i t y  o f e i th e r  








(UO2* modes i f  no t 





































» 1  -  + x>2
u i  + n2 
^2
-  03  + \)2
In f ra re d
UCiJ*
Ac'
Oj_ 1 867 cm"l 
X>2 s 255 cm"*
^3 r  945 cm"*
s tro n g e s t  band ;  1245 cnT*
H,0
2 u 2 = 1620 -  1700
6
Table I I .  U02 (N03 ) 2 *6 H20
Assignment
(U02* modes i f  n o t 





20,420 130 \>3  -  \>L
20,380 170 -  U3
20,320 230 U2
20,150 400 »3 -
20,070 480
19,960 560 -  \>2
19,880 670 X>3  -  x>2
19,700 850 ” 1
19,615 935 u3
19,475 225 X>2
19,265 435 o3  -  uL
19,235 465 «l(N 03)
19,200 500
19,180 520 -  X>2
19,030 670 x>3  -  u2
19,000 700 U4 (N03)
18,830 870 V 1
18,865 905 u3
18,570 260 v>2
18,410 420 \ ) 3  -  \>i
18,380 450
18,350 480 \5l(N03)
18,260 570 -  \>2
18,225 605
18,170 660 U3  -  \ ) 2
+ X>r
7
Table I I .  (co n tin u ed )
Group O A 5 Assignment
IV 17,950 880 ux
17,870 960 u3
17,725 125 u3  -  M X
17,530 420 0 3  -  Oi + 0 2
17,305 645
17,270 680 u3  -  o2
V 17,075 875 V>!
17,000 950 o3
16,850 225 V) 2
16,770 305 v>3  -  o L + o2
16,600 475 w1 (N0 3)
16,510 565 0 X - 0 2
VI 16,210 865 Ox
16,150 925 U3





- 1297 - 1333
o 2 1042 - 1052
»3 s 750
o4 m 1497
» 6 m 788 -  809
» 2 z 1620 -  1700
8
Table I I I .  IK>2 (N03 >2*61120 in  M ethanol —




















In fra re d  Data
U O ^: no s p e c if ic  da ta  a v a i la b le
no;
s 1276 -  1306 cm"1 
X)2  = 1032 - 1045 cm’ 1 
t>3 s  750 cm’ J
s 1497 - 1536 cm” 
a 788 -  809 cm’ *-
h2o
V>2 = 1630 -  1700
E thanol G lass
Assignment
(U0>2* modes i f  n o t 
o th erw ise  In d ic a te d )
%  ” °1  
\>1 -  u3 + o2
l>3 -  V>1 + 0 2
\>3 -  \)2
” 1
»3
\>1 -  03  + O2 
Ul(N03 )




Table IV. U02 (N03 ) 2 *3H20




2 0 ,2 1 0 60
2 0 ,1 0 0 170
























(U02+ modes i f  no t 











\>1 -  o2 
^4(N03) 
^4 (N0 3) 
U2 (N03)
10
Table IV. (co n tin u ed )
Group G A G










In f ra re d  Data 
IK>2+
o L a 802 
>>2 ■ 255 
o3 s  948
N05
s 837 
\>2 r  1032 -  1045 
U3 -  744 -  751 
r  1651 
v>6 = 800 -  804
H2 O












Table V. U02 S04K2 S04 *2H20
(UOy modes &f n o t
Group 0 A u o th erw ise  in d ic a te d )
I 20,360





20,070 290 \>! -  \>(S04 )
I I 19,540 820 »1
19,450 910 »3
19,365 175 \>1 -  \>3 + U2
19,300 240 o2
19,255 295 O(S04 )
19,215 335 U3 -  \>1 + o2
19,120 420
18,870 670 o3 -  o2
I I I 18,720 820 »1
18,630 910 u3
18,560 160 -  o3 + o2
18,530 190
18,470 250 \>2
18,430 290 V>(S04 )





17,680 180 \>1 -  03  + o2
17,610 250 »2
V 17,020 840 »1
16,950 910 v3
In fra re d  Data 
I S O ?
m 832 cm"1 
X>2 = 252 cm"1 
03  s 915 cm"*
SO4
s tro n g e s t  band • 1100  -  1110  cm" 1
H20







2 0 ,2 2 0  
2 0 ,2 1 0  
20,175 
20,130 



















(U(>2* modes I f  n o t 
o th erw ise  In d ic a te d )
o3 -
»l(S04 ) -  \>3 
\il -  O3 + \>2
»2
\>3 -  + \>2
-  y>2







































U 118,510 945 u3
18,465 150
18,350 265 » 2
18,270 345 0 3 -  Oi + U2
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\>2 s  258 era"1 
.  u ,  = 935 cm"1 
SO4
s tro n g e s t  band z  1090 -  1100 cm*1
H20
o2 s  1620 -  1700
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Table V II. [(C2H5 >411)3 [u02 (SCN)5]
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F ig u re  *1
Phosphorescence Spectrum  o£ C ry s ta l l in e





















F ig u re  2
Phosphorescence Spectrum o f C ry s ta l l in e



































Phosphorescence Spectrum o f  I X ^ C N O ^ i n  s o lu tio n
S o lv en t: m ethanol + e th a n o l,  1:4 
' C o n cen tra tio n : 0 .05 m olar
T em perature: 77° K.
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F igu re  4
Phosphorescence Spectrum  o f  C r y s ta l l in e  IK ^ N O ^ ^ O ^ O
Tem perature: 77° K






















Phosphorescence Spectrum o£ C ry s ta l l in e  IX ^SO ^^SQ ^lj^O
Temperature: 77° K
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Figure 6
Phosphorescence S p e c tr in  o f  C ry s ta l l in e  U(>2 so4 «
T em perature: 77° K
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F ig u re  7
Phosphorescence Spectrum o f  C ry s ta l l in e  3 ^ 2  (SCN)J
Temperature: 77° K
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Figure 8
Phosphorescence Spectrum o f C ry s ta l l in e  (CN>2
Temperature: 77° K











A l im ite d  number o f bands ap p aar to  a r l s a  frosi v ib r a t io n a l  
modes o f l ig a te d  g roups, e . g . ,  NO^, H2O and S0£. T h e re fo re , v a lu es  
o f th e  s tr o n g e s t  I n f r a re d  a b s o rp tio n s  a s s o c ia te d  w ith  th e se  groups 
have been ta b u la te d  In  a d d i t io n  to  th e  U02+ fundam entals. N i t r a te  
fre q u e n c ie s  a r e  th o se  re p o r te d  by A llp re s s  and Hambly (2) and by 
Gatehouse and Comyns (14) and p e r ta in  s p e c i f i c a l l y  to  NO3 In  u ran y l
1
n i t r a t e s .  The f re q u e n c ie s  f o r  S0£ a re  tak en  frosi M ille r  and W ilkins 
(2 7 ). H20 v ib ra t io n s  a r a  from Bellamy (4 ) .  Both o f th e  l a t t e r  
ca ses  a r e  g e n e ra liz e d  group fre q u e n c ie s  and do n o t r e f e r  s p e c i f i ­
c a l ly  to  th o se  In  u ra n y l compounds.
A com parison o f  th e  I n f r a re d  fre q u e n c ie s  w ith  th e  d a ta  from 
s t r u c tu r e  sp ac ings shows rea so n ab ly  good agreem ent w ith  th e  ex cep tio n  
o f  th e  u ra n y l o 2 v a lu e s .  Some compounds have sp ac ings n e a r  200 cm**; 
o th e rs ,  n e a r  250 cm“ l ;  and In  a  few cases  bo th  o f th e se  v a lu es  a re  
p re s e n t .
B. PHOSPHORESCENCE LIFETIMES
The h a l f - l i f e  o f  th e  u ra n y l Ion a t  l iq u id  n itro g e n  tem peratu re  
i s  u s u a lly  quoted a s  b e in g  o f  th e  o rd e r o f 10~3 to  10”^ seconds.
E a rly  work by Sevchenko (40) m entions th e  p resen ce  o f a  s t r u c tu r e ­
le s s ,  v e ry  lo n g -liv e d  lum inescence having a  ^ 1 /2  o f  f iv e  to  e ig h t  
seconds. This lum inescence a p p a re n tly  ap p ears  in  a d d it io n  to  th e  
u su a l s h o r t - l iv e d ,  f in e  s tr u c tu r e d  phosphorescence o r d in a r i ly  
observed . T his type o f  em ission  has n o t been re p o rte d  elsew here  in  
re c e n t y e a r s .  However, I t  i s  w e ll to  n o te  th a t  i t s  p resence  could  
e a s i ly  escape o b se rv a tio n  s in c e  i t s  decay r a t e  i s  on ly  10"^ o f  th e  
o r d in a r i ly  s tu d ie d  em iss io n . Such an em ission  would r e g i s t e r
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c o n s ta n t "background" on e i t h e r  a  p h o tog raph ic  p la te  o r a photo­
e l e c t r i c  d e te c to r .
In  t h i s  work we have b r i e f l y  a ttem p ted  th e  d e te c t io n  o f  in ch  
a  lo n g - liv e d  em ission  from IK^SO^K^SC^^tyO. A pparen tly  th e re  i s  
such an em ission  a lth o u g h  q u i te  weak. I t s  h a l f - l i f e  i s  ab o u t one 
second. S ince we have found th i s  em ission  to  be o b serv ab le  a t  
77° K, b u t n o t a t  room tem p era tu re , i t  would appear to  be due to  
some type o f  c r y s t a l - t r a p  mechanism.
Ih e  fo reg o in g  d isc u s s io n  should  n o t be confused  w ith  th e  
c a se  d e sc rib ed  by H all and Dleke (17) where two phosphorescence 
decay r a te s  having a  f a c to r  o f 10 d if fe re n c e  were observed . This 
e f f e c t  was a s c r ib e d  a s  be ing  due to  e i t h e r :
a .  p resence  of two sp e c ie s  o f  u ran y l in  a supposed pure
and homogeneous u ra n y l compound.
b . p resence  o f two e x c ite d  s t a t e s  hav ing  s l i g h t l y  d i f f e r ­
e n t e n e rg ie s  and somewhat d i f f e r e n t  l i f e t im e s .
In  su p p o rt o f  th e  l a t t e r  p o s s ib i l i t y ,  Dieke c i t e s  th e  e x i s t ­
ence o f d o u b le t low est e x c i te d  s ta t e s  in  a l l  compounds hav ing  two 
d i s t i n c t  decay r a t e s .  S ince th e  s e p a ra tio n  o f th e se  d o u b le ts  i s  
o n ly  two to  e ig h t  r e c ip ro c a l  c e n tim e te rs , exp erim en ta l v e r i f i c a ­
t io n  o f t h i s  h y p o th esis  would be d i f f i c u l t .
The l i f e t im e s  m easured by us a r e  ta b u la te d  in  Table V III .
An example o f a  decay curve and a  lo g rlth m lc  p lo t  o f  in te n s i ty
v e rsu s  tim e a re  shown in  F ig u res  9 and 10. In  g e n e ra l, th e  e r ro r  
in  th e se  l i f e t im e s  i s  about ±5%. No c o r re la t io n s  were found 
between l i f e t im e s  and any o th e r  p a ram eters .
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Table V III . Phosphorescence L ife tim es  o f Uranyl Compounds
^**1/2 powder ^ 1 / 2  so lv en t
Compound Nem (X 10"4 s e c . ) <X io -4 sec .
(C2Hs>4N 3 W 2 (SCH)5 300 490 6 .0  & 3 .0 4 .7  & 2. 7 (P
U02 <N03 )2 *3H20 310 510 2.85 3.15 (PH)
U02S04 *3H20 295 491 3.1 3 .3 (PH)
U02S04K2S0 4 *2H20 320 490 4 .7  & 3 .3 4 .8 0 (PH)
uo2 (cn) 2ho3 318 488 3 .3 3 .3 (PH)
U02 (C2H302) 2 *2H20 300 470 3 .1 3.45 (PH)
U02 (H03 ) 2 *6H20 320 487 3.85
U02 (N03)2 *6H20 320 520 3.35
U02 (N03 )2 *6H20 320 582 3.35
U02 (H03)2 .6H20 305 475 3 .20 (HE)
Xgx c e x c i ta t io n  w avelength in  mp.
m em ission  wavelength in  op .
PH s so lv en t c o n s is t in g  o f  1 p a r t  m ethylcyclohexane and
1 p a r t  m ethy lcyclopentane.
ME :  so lv e n t c o n s is t in g  o f  1 p a r t  m ethanol and 4 p a r ts
e th a n o l.
Figure 9
Phosphorescence Decay Curve
Compound: c r y s t a l l i n e  UC^SO^J^SO^^Hj
T em perature: 77° K
Em ission w avelength: 490
E x c ita tio n  w avelength : 320 mp
RELATIVE INTENSITY
O — N) OJ, Oi
Figure 10
Logarithm ic P lo t  o f  Phosphorescence Decay
Compound: c r y s ta l l in e  UC^SO^J^SO^■ 21^0
Tem perature: 77° K
Emission w avelength: 490 mil
























O rdering  by lig e n d  type  nee a ls o  u a s o c c e e s fo l. S ince th e  
v a r ia t io n  in  l i f e t im e  i s  so • ■ e ll  ( a c tu a l ly  n o t orach la r g e r  then  
th e  e r r o r  ran g e) t h i s  i s  n o t a l to g e th e r  s u rp r is in g .
The l i f e t im e s  o f  m ost compounds were m easured b o th  a s  d ry  
powders a t  77° K and a s  suspensions in  PH g la s s  a t  th e  same tem­
p e r a tu r e .  S ince th e  phosphorescence a r i s e s  p r in c ip a l ly  from th e  
s u rfa c e  la y e r  o f  m o lecu les, one m ight ex p ect some d if f e re n c e s  even 
though th e  u ra n y l compounds were e s s e n t i a l ly  in so lu b le  in  PH.
Only one compound was examined in  a  t ru e  s o lu t io n :  
U0 2 (N0 3 >2 *6H20  was d is so lv e d  in  a  4 -e th a n o l:  1-m ethanol m ix tu re .
No heavy atom e f f e c t  upon th e  l i f e t im e  was o b serv ab le  upon a d d i t io n  
o f 5Z e th y l  io d id e  to  t h i s  s o lu t io n .
The l i f e t im e s  o f th re e  bands o f th e  0 0 2 ^ 0 3 ) 2 *6 ^ 0  were 
de term ined . The (0 ,0 )  band i s  seen  to  have a  somewhat lo n g er 
l i f e t im e  which i s  c o n s is te n t  w ith  fo rb id d en  c h a ra c te r .
C. EFFECT OF LIGANDS ON THE EMISSION SPECTRUM
I t  has been p o in te d  o u t by Robyshev and Sublobov (22) th a t  
a g e n e ra l c o r r e la t io n  appears  to  e x i s t  between th e  e le c tro n  donor 
p r o p e r t ie s  o f addenda m olecules and the  (0 , 0 ) frequency  o f  th e  
r e s u l t a n t  u ra n y l complex.
In  a  q u a l i t a t iv e  way, one cou ld  c o n s id e r  th a t  as  th e  e le c tro n  
d e n s ity  o f th e  e q u a to r ia l  bonds around uranium in c re a se s  due to  
In c rea se d  donation  by lig a n d s , th e  e le c tro n  b ia s  in  th e  U-0 bond 
m ight s h i f t  in  fav o r o f in c re a se d  d e n s ity  around oxygen; such 
c o n d itio n s  would f a c i l i t a t e  th e  e x c i ta t io n  o f a  non-bonding e le c tro n  
from oxygen in to  th e  U-0 bond. C onsequently , b o th  th e  a b so rp tio n  
and em ission  would be red  s h i f te d .
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In  a c tu a l  p r a c t ic e ,  we chosa to  u se  th e  v a lu e  o f  a s  a  
c r i t e r i o n  o f  lig an d  n u c le o p h l l ic i ty .  The r e l a t i o n ,  f l r a t  deaon- 
s t r a t e d  by Smith (2 6 ), can be r a t io n a l i s e d  by th e  seam s ta p le  
c o n s id e ra t io n s .  The weakening o f  th e  U-0 bond by In c reased  lig a n d  
bonding w i l l  obv io u sly  lead  to  a  low er frequency  s t r e tc h in g  v ib r a ­
t io n .  A p lo t  o f  th e  (0 ,0 )  frequency  v e rsu s  th e  D3 v ib r a t io n  f o r  a  
nuaber o f  u ra n y l coapounds i s  shown In  F ig u re  11.
V alues o b ta in ed  in  t h i s  work a r e  shown in  Table IX; th o se  
o f Dleke and Duncan a r e  co n ta in ed  In  T able X and F ig u re  11. A auch 
more co h eren t r e la t io n s h ip  i s  seen  In  th e  l a t t e r  c a s e . This I s  
p o s s ib ly  due to :
a .  I n t r i n s i c a l l y  b e t t e r  accu racy  (c a . A 5 cm"* compared 
to  ± 10 cm"*)
b . The la rg e r  number o f  h ig h e r  v a lu e s  m easured by Dleke 
and Duncan. S ince th e  e r r o r s  Invo lved  a re  e s s e n t i a l l y  
a b s o lu te  e r r o r s ,  th e  r e l a t lv q  e r r o r s  w i l l  be le s s  in  
th e  case  o f  la rg e r  v a lu e s .
From exam ination  o f  t h i s  f ig u r e ,  one can conclude s e v e ra l  th in g s :
1. There e x i s t s  a  s u f f i c i e n t ly  good c o r r e la t io n  between 
th e  (0 , 0 ) em issio n  fre q u e n c ie s  and th e  donor p ro p e r t ie s  
o f  lig an d s  to  form th e  b a s is  o f a  v a l id  new lig a n d  
s tr e n g th  s e r i e s .
2 . The n o n - lig a te d  c a t io n s  in  u ra n y l complexes have no 
c o n s is te n t  e f f e c t  on th e  (0 , 0 ) em iss io n  frequency .
3. The e f f e c t  o f  some lig a n d s  upon th e  em ission  and 
in f r a r e d  f re q u e n c ie s  i s  so  g r e a t  th a t  w h ile  a  l in e a r
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F ig u re  11
(0 ,0 )  Em ission Frequency v e rsu s  Asymmetric S tre tc h in g  Frequency 
D ate o f Dleke and Duncan (6 )





















T a b le  I X .  ( 0 , 0 )  E m is s io n  A s y m m e tr ic  S t r e t c h in g  F re q u e n c ie s
U02 (C2H302 >2*2 H2O 20,565 910
U02 (N03 ) 2 .6H20 20 ,550  935
U02 (N03 ) 2 .6H20 ( in  ME) 19,795 935
U02 (N03 ) 2 .3H20 20 ,2 7 0  940
U02S04K2S 0 4 .21120 20 ,360  910
U02S04.3H20 20 ,330  950
[(C2H5)4n] 3 |u02 (SCN)5l 20 ,300  920
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Table X. (0 ,0 )  Em ission and Asymmetric 
S e r ia l  No.b Compound
1 U02 (N03 )2*3H20
2 U02 (N03 )2*6H20
3 csuo 2 (no3 ) 3
4 RbU02 (N03 ) 3
5 kuo2 (no3 ) 3
6 NH4U02 (N03 ) 3
7 Rb2U02 (N03 )4




12 CsU02 (S04 ) 2 .3H20
13 CsU02 (C2H302 ) 3
14 RbU02 (C2H302 ) 3
15 NaU02 (C2H302 ) 3
16 k2uo2 (co3 ) 2
S tre tc h in g  F requencies*

















a These d a ta  a re  from G. H. Dieke and A. B. F. Duncan (6 ) . 
k The s e r i a l  number corresponds to  th a t  used in  F igu re  12.
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r e la t io n  between th e  two l e  p re se rv e d , th e  a b s o lu te  
v a lu es  o f th e  freq u e n c ie s  a r e  g r e a t ly  removed fro *  
th o se  o f m ost u ran y l compounds. This i s  ex em p lified  
in  th e  ca se  o f th e  a c e ta te s  (F ig u re  11).
W ithin th e  rem ain ing  lig an d s  which do group to g e th e r  a long  
a s t r a ig h t  l in e ,  one can  observe th e  fo llo w in g  approxim ate s e r i e s :
Comparison o f t h i s  s e r ie s  w ith  o th e r  sp ec tro ch em ica l s e r i e s  i s  
h in d ered  by a lack  o f  knowledge concern ing  th e  r e a l  s t r u c tu r e  o f  
many o f th e  compounds s tu d ie d . Even th o se  whose s t r u c tu r e s  a re  
known have, a s  a  r u le ,  mixed l ig a n d s , e . g . ,  U02 (1103) 2*61120 has both  
co o rd in a ted  n i t r a t e s  and c o o rd in a te d  aquo g ro u p s.
N e v e rth e le ss , one can see  a  f a i r l y  re a so n a b le  resem blance 
to  o th e r  w ell known s e r i e s .  A com prehensive one based on v i s ib l e  
and u l t r a v i o l e t  a b so rp tio n  i s  g iven  by Dunn (7 ) . I t  i s  a p p a re n tly  
a  com posite o f work by Tsuchlda (44) and F a jan s  (9 ) .  A s e le c t io n  
o f re le v a n t  lig an d s  fo llo w s th i s  o rd e r :
The n ep h e lau x e tlc  s e r ie s  o f  S c h a ffe r  and Jo rg en sen  (36) 
based on c o n s id e ra tio n s  o f  in te ra to m ic  re p u ls io n  i s
NCS* •
NOo >  H- 0  >  >  S07 >  c l"  "  CN"
J  * SCN" *
N ote: The c o o rd in a tio n  p o s i t io n  o f th lo cy an a te  in
3 ju02 (SC N )^ has n o t been  d e f in i t e ly  determ ined .
CN7* >  NCS* >  H20** >  NO3 >  C l" ~ SCN-
H20 • ••  >  NCS* >  Cl" ~ CN"
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F in a l ly  th e  I n f r a re d  s e r i e s  o f MeGlynn e t  a l .  (26) I s :
MO3   >  H20 ..............  >  NCS" • • •  >  CN"
I t  I s  e v id e n t th a t  th e  agreem ent o f  th e  phosphorescence 
s e r ie s  w ith  th e  u l t r a v i o l e t  s e r i e s  I s  r e l a t i v e ly  poor, bu t 
e x c e l le n t  w ith  th e  n e p h e la u x e tic  and In f ra re d  s e r i e s .
The fo llo w in g  compounds were n o t observed to  y ie ld  any 
m easurab le  em ission :
U (>2 (N H 3  ) 2  ( ^ 3 ) 2  
U02 (NH3 )4 (C10^ ) 2  
D02 (en )2 (N03 ) 2  
U02 (C9H6 N0)2 *(CtjHgNOH)
A d d itio n a lly , U0 2 (CN)2 (N0 3 )2 produces o n ly  an ex trem ely  weak and 
p r a c t i c a l l y  s t r u c tu r e le s s  em iss io n . The common fe a tu re  o f most o f 
th e se  complexes i s  th e  p o s s ib le  p resence  o f a  lig an d  co o rd in a ted  
through n i t ro g e n .  I t  seems rea so n ab le  to  suppose th a t  some 
type o f in te r a c t io n  between th e  a x ia l  U-0 bonds and th e  e q u a to r la l ly  
l ig a te d  n i tro g e n  atoms must ta k e  p la c e  In  th e se  c a s e s . Such an 
in te r a c t io n  m ight cause a sharp  d ecrease  in  phosphorescence by:
a .  d e c rea s in g  th e  p r o b a b i l i ty  o f th e  e x c i ta t io n  o f UOlijt 
e . g . ,  c o m p e titiv e  a b s o rp tio n .
b . quenching th e  t r i p l e t  s t a t e ,  i . e . ,  p ro v id in g  a pathway 
o f in c re a se d  p r o b a b i l i ty  fo r  d eg rad a tio n  o f energy by
n o n - ra d ia t iv e  p ro c e s s e s .
Which, i f  e ith e r^  o f th e se  p ro cesses  i s  re sp o n s ib le  fo r  the  su p p res­
s io n  of U0$* phosphorescence i s  n o t p re s e n tly  re so lv a b le . Indeed,
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f u r th e r  work would be re q u ire d  to  dem onstra te  c o n c lu s iv e ly  th a t  th e  
observed  su p p ress io n  I s  d e f in i t e ly  lin k e d  to  th e  p resen ce  of c o o rd i­
n a te d  n i tro g e n . The f a c t  th a t  [d02 (SCN)^ does produce
an  in te n s e  and w e l l - s t ru c tu re d  em ission  would be a d e f in i t e  anomaly 
i f  th e  S£N were co o rd in a ted  through n i t ro g e n . I t s  mode o f  c o o rd i­
n a tio n  i s  n o t known w ith  c e r ta in ty  in  th e  case  o f  u ra n y l,  b u t i s  
re p o r te d  (28, 37) to  be
a .  through n itro g e n  in
VO (o-pheny <-(NC S ) jj
K2Co (NCS >4
(NH4)[cr(NCS)4 (NH3)2]
b . through s u l f u r  in
K2Hg(SCN)4  
K2Pt(SCN)4
D. U-0 BOND DISTANCES
Very few r e l i a b le  d i r e c t  measurements o f th e  U-0 bond d is ta n c e
have been made. Z achariasen  (47) has determ ined  i t  to  be 1.76 ± 0.04 
o
A in  NaU02 (C2H502 ) 3 . O ther workers have re p o rte d  v a lu e s  ran g in g  from 
o
1.60 to  1.92 A in  v a rio u s  compounds.
Recent work by Jones (20, 21) has shown th e  p o s s i b i l i t y  of 
u s in g  a sem i-em p irica l e q u a tio n  of th e  Badger type (3) f o r  p re ­
d ic t io n  of th e  U-0 bond d is ta n c e  from th e  e a s i ly  m easured v a lu e  of 
and U3 . In  t h i s  work, a m o d if ic a tio n  o f th e  Jones eq u a tio n  has 
been made.
B r ie f ly ,  th e  Badger eq u a tio n  i s  o f t h i s  form:
"1/3
R ij 8 BFi j  + di j
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where R jj s  th e  In te ra to m ic  d is ta n c e  o f  atoms 1 and j  
B s  a  co n s ta n t -  0 .5
d ^ j a a  c o n s ta n t c h a r a c t e r i s t i c  o f  th e  p o s it io n s  
o f  th e  atoms In  th e  p e r io d ic  ta b le .
The m o d if ic a tio n  by Jones amounted to  assum ing a  v a lu e  o f 
1 .08 fo r  B and s u b s t i tu t in g  m easured v a lu es  o f Rj j  and In o rd e r  
to  so lv e  fo r  a  v a lu e  o f  d ^ j.  A f u r th e r  re fin em en t employed was th e  
use o f  an " e f f e c t iv e  fo rc e  c o n s ta n t" , I . e . ,  one d e riv ed  from con­
s id e r a t io n  o f  th e  u ra n y l fo rc e  c o n s ta n t F ^ q, and th e  In te ra c t io n  
fo rc e  c o n s ta n t,  FU- P U-0* Th*8* r e l a t io n s  a re  summarized In  the
fo llo w in g  e q u a tio n :
The n e x t lo g ic a l  s te p  in  making t h i s  e q u a tio n  f i t  th e  u ran y l 
system  more e x a c t ly  i s  to  s im u ltan eo u sly  e v a lu a te  c o n s ta n ts  u s in g  
known d a ta  f o r  two u ra n y l compounds. We have done th i s  u sing  
Z a ch a rla sen ' s ex p e rim en ta l d a ta  on Na0 0 2 (0211302)3 In  a d d it io n  to  
th a t  f o r  K3UO2F5 . The r e s u l ta n t  e q u a tio n  i s :
Fe f f  = FU-0 + FU-0,U-0
where
= mass o f  atom 1
R0 . 0  = 1.993 Fe f f "1 /3  + 0.666
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This eq u a tio n  was th en  used to  p r e d ic t  a  number o f  U-0 bond 
d is ta n c e s .  These a re  ta b u la te d  in  Table X I. I t  i s  seen th a t  w hile  
th e  v a r ia t io n  i n  U-0 bond d is ta n c e  i s  r e a l ,  i t  i s  n u m eric a lly  q u ite  
sam 11. C onsequently , w h ile  th e  asym m etric s t r e tc h in g  frequency , 1)3 , 
may n o t have th e  immediate p h y s ic a l s ig n if ic a n c e  so  obvious in  th e  
U-0 bond le n g th , i t s  v a r ia t io n  does se rv e  a s  a  f a r  more s e n s i t iv e  
probe f o r  showing e f f e c t s  o f  e q u a to r ia l  l ig a t io n  on th e  u ra n y l group. 
Some in d ic a t io n  o f th e  r e l i a b i l i t y  o f th e se  c a lc u la t io n s  can
be seen  from a com parison o f experim en ta l U-0 d is ta n c e s  in
o
UO2 (1103) 2 *61120. An average v a lu e  o f  1.77 A has been re p o rte d  by
o
Fleming and Lynton, (10) w h ile  the  c a lc u la te d  v a lu e  i s  1 .70  A. The 
e r r o r  h e re  i s  then', on th e  o rd e r  o f 4X. While . th is  i s  n o t a la rg e  
p e rcen tag e  e r r o r ,  i t  i s  obvious th a t  i t s  a b so lu te  v a lu e  i s  a lm ost 
eq u a l to  th e  maximum v a r ia t io n  p re d ic te d  in  th e  e n t i r e  s e r i e s .  
Pending th e  a tta in m e n t o f s u f f i c i e n t  ex p erim en ta l measurements w ith  
which to  t e s t  th e  p re d ic te d  v a lu e s , the.m ethod should  be used only  
w ith  d is c r e t io n .
E. CONFIGURATION OF THE URANYL ION
The c o n f ig u ra tio n  o f th e  u ra n y l io n  has been th e  s u b je c t  o f 
c o n s id e ra b le  d eb a te . The g e n e ra lly  accep ted  p ic tu r e  o f th e  
g eo m etric a l s t r u c tu r e  o f  u ran y l complexes i s  th a t  o f a c i r c u l a r  
arrangem ent o f  lig an d s  around uranium  w ith  th e  u ra n y l oxygens ly in g  
in  a p o la r  d i r e c t io n  to  t h i s  e q u a to r ia l  a r r a y .  This s t r u c tu r e  i s  
i l l u s t r a t e d  in  F ig u re  12.
The p o in t o f most argum ent concerns th e  O-U-O a n g le , i . e . ,  
w hether the  u ran y l io n  i s  b en t o r l in e a r .
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Table X I. C a lc u la ted  U-0 Bond D istances 
Compound ^ ( c m " 1) V>j (cm*1 ) ke f f a rU -0 ( l)b rU -0(2)c
k3uo2f 5 863





CsU02 (CH3C00) 3 920
NaU02 (CH3COO) 3 931
RbU02 (CH3COO) 3 924
NaU02 (CH3C00) 3 927.8
Co2U02 (S04>2•3H20 923.1
U02 (N03 ) 2 .6H20 941
KU02 (N03)4 949.5
U02 (N03 ) 2 .3H20 948.1
KU02 (N03)3 943.1
CsU02 (N03 ) 3 956.2
NH4U02 (N03) 967.2
789 6.03 1.76 1.76
808 6.32 1.74 1.75
830 6.67 1.73 1.74
831.6 6.69 1.73 1.74
8 3 1 .8 6.69 1.73 1.74
836.1 6.76 1.72 1.74
842.2 6 .8 6 1.72 1.74
850 6.99 1.71 1.74
852.1 7.02 1.71 1.74
855.1 7.08 1.70 1.73
860.5 7.16 1.70 1.73
863.9 7.21 1 .70 1.73
870.3 7.32 1.69 1.73
874 7.38 1.69 1.73
875.5 7 .40 1.69 1.72
884.0 7.55 1 .6 8 1.72
885.7 7.58 1 .6 8 1.72
a In m illld y n es /an g s tro m .
^ In A u n i t s ;  e v a lu a te d  £rom eq u a tio n  developed h e re . 
c In  A u n i t s ;  e v a lu a te d  from Jones e q u a tio n .
Figure 12





Most argum ents f o r  tb e  e x is te n c e  o f  a  b en t fo n t  a re  based on 
c o n s id e ra t io n  o f tb e  s e le c t io n  ru le s  f o r  ramen and in f r a r e d  v ib ra ­
t i o n a l  node. Tbeae r u le s  p r e d ic t  f o r  a  l in e a r  O-U-O e n t i ty :
1 . tb e  syssM trlc  s t r e t c b :  raman a c t iv e ,
in f r a r e d  fo rb id d an ,
2 . th e  asymm atrlc s t r e t c h :  raaan  fo rb id d an ,
in f r a r e d  a c t iv e .
3. \>2 th e  bending node: raaan  fo rb id d en ,
I n f r a re d  a c t iv e .
For a b en t c o n f ig u ra t io n , a l l  modes would appear in  bo th  raman and 
in f r a r e d .
In  p r a c t i c e ,  one observes a s tro n g  a  weak \>^, and ap p ar­
e n t ly  observes a  ^2 raman frequency . Thus, w h ile  r ig id  a p p lic a t io n  
o f s e le c t io n  ru le s  would in d ic a te  a  b en t s t r u c tu r e ,  a  more reaso n ab le  
in t e r p r e ta t io n  i s  th a t  o f  a s l i g h t l y  p e rtu rb e d  b u t e s s e n t i a l ly  
l i n e a r  s t r u c tu r e .  S ince in  alm ost a l l  cases  s tu d ie d  th e  samples 
were e i t h e r  c r y s ta l s  o r  aqueous s o lu t io n s ,  such p e r tu rb a t io n  would 
be ex p ec ted .
In an  e f f o r t  to  p ro v id e  a d d i t io n a l  c r i t e r i a  fo r  dec id in g  
between two p o s s ib le  s t r u c tu r e s ,  we have compared the  experim en tal 
v a lu e  o f  th e  r a t i o  ^1:^3  w ith  th e  v a lu e  which would be p re d ic te d  
assum ing a l in e a r  s t r u c tu r e .
The p re d ic t io n s  a r e  made u s in g  th e  g e n e ra liz e d  va lence  
fo rc e  f i e l d  tre a tm e n t o f an XY2 m olecule a s  g iven  by H ertzberg  (18 ). 
For th e  c a se  o f a  l in e a r  XY2 » th e  tre a tm e n t i s  q u ite  s t r a i g h t ­
fo rw ard . The r e s u l t s  fo llo w :
The eq u a tio n s  d e riv ed  by H ertzberg  f o r  th e  l in e a r  XY2
a r e :
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4 1 T 2 032 s [ l  ♦ 2 i -
vhere
s fo rc e  c o n s ta n t o f  X-Y bond 
my -  ones o f atom Y 
nig z  mass o f atom X 
S u b s t i tu t in g ,  we o b ta in
» 32 > 1 1 +
22_  .  i  + 2&  
0 l 2 ^
e v a lu a tin g  n u m eric a lly ,







1̂ 3; -  •>/"1.345 •  1.06
0 .
A p lo t  o f v e rsu s  \>g would th e r e fo re  have a s lo p e  e q u a l to  
1 /1 .0 6  o r  0 .943. T h is compares q u i te  c lo s e ly  w ith  th e  ex p erim en ta l 
v a lu e  o f 0 .89  re p o rte d  by Sm ith (2 6 ).
The n o n - lin e a r  case  i s  n o t  s u s c e p t ib le  to  such sim ple t r e a t ­
m ent. In  o rd e r to  a r r iv e  a t  an  unam bigious co n c lu s io n  i t  would be
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n e c e ssa ry  to  mafce s e v e ra l  approx im ations which d e t r a c t  s e r io u s ly  
from th e  v a l i d i t y  o f  th e  r e s u l t .
Thus, w h ile  i t  i s  e a s i ly  seen  th a t  th e  m easured v a lu es  o f 
a g re e  w e ll w ith  th o se  p re d ic te d  f o r  a  p r a c t i c a l ly  l in e a r  
XYj m o lecu le , th e  b e n t c a se  I s  n o t s p e c i f i c a l ly  excluded .
A c tu a l measurem ents on UOjCNOj^'bHjO by Fleming and Lynton 
( 1 0 ) have r e c e n t ly  shown 0 - 0  bond an g le s  o f approx im ate ly  82° and 
89°.
F . ELECTRONIC EXCITATION SPECTRUM OF THE URANYL ION
The a c t iv a t io n  s p e c tra  o f s e v e ra l  u ran y l compounds a r e  shown 
in  F ig u res  13 th rough  20 . The fre q u en c ie s  o f In d iv id u a l bands and 
th e  sp ac in g s  between them a r e  l i s t e d  in  Tables X II through XIX.
In  g e n e ra l ,  th e  sp ac in g s  in d ic a te  th e  p resence  o f  d i f f e r e n t  
e le c t r o n ic  t r a n s i t i o n s  s e p a ra te d  by r e l a t iv e ly  la rg e  energy gaps 
(c a . 2 ,0 0 0  cm"l to  6 , 000*1 ) wi t h  v ib r a t io n a l  s t r u c tu r e  superposed 
on each o f  th e  v a r io u s  t r a n s i t i o n s .  No a ttem p t has been made to  
a s s ig n  th e s e  v ib r a t io n a l  sp ac in g s  b u t, by com parison w ith  th e  
d e ta i le d  a n a ly se s  g iven  in  T ables I  th rough V II, th ey  seam to  
c o n s is t  p r in c ip a l ly  o f th e  u ra n y l fundam entals w ith  a  few sim ple 
com bination  bands. I f  on ly  ona t r a n s i t i o n  were invo lved  in  th e  
e x c i ta t io n  spectrum , a m ir ro r  image r e la t io n s h ip  o f e x c i ta t io n  and 
em iss io n  s p e c tra  would be expected  to  e x i s t .  Such a  r e l a t io n  does 
e x i s t  fo r  some u ra n y l compounds, b u t o n ly  ovar a  sh o r t  range o f 
f re q u e n c ie s . This i s  i l l u s t r a t e d  in  F ig u res  21 and 22. The p o in t 
where th e  m irro r  image b eg in s  to  d e te r io r a te  m ust be th e  frequency  
a t  which th e  bands o f  th e  succeed ing  t r a n s i t io n s  beg in  to  ap p ea r.
Figure 13
E x c ita tio n  Spectrum o f C ry s ta l l in e
Temperature: 77° K
Emission frequency: 20,900 cm"*
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F igure 14
E x c ita tio n  Spectrum of C ry s ta l l in e  IK^CNO-j^
Temperature: 77° K






































E x c ita t io n  Spectrum o f  D isso lved  U02 (N03 )2 *6H2
Temperature: 77° K
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F igure  16
E x c ita t io n  Spectrum o f C ry s ta l l in e  U C ^N O j^
Temperature: 77° K
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Figure 17
E x c ita t io n  Spectrum o f C ry s ta l l in e
Temperature: 77° K
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Figure 18
E x c ita tio n  Spectrum o£ C ry s ta l l in e  UC^SO^*
Temperature: 77° K
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F igure  19
E x c ita tio n  Spectrum of C ry s ta l l in e  [(C2 H5 )4n J 3 [u0 2 (SCN)5]  
Temperature: 77° K
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E x c ita tio n  Spectrum o f  C ry s ta l l in e
Temperature: 77° K
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E x c ita t io n  Bands o f C ry s ta l l in e
Spaclngs 
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M irror Image. R e la tio n  In
Dashed l in e  la  em ission ; s o l id ,  e x c i ta t io n .
Em ission i s  shown ex ten d in g  In to  e x c i ta t io n  reg io n  to  
In d ic a te  n o ise  le v e l .
RELATIVE 
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Figure 22
M irro r Image R e la tio n  in  [lX)2 (SCN)^|
Dashed l in e  i s  em ission ; s o l id ,  e x c i ta t io n .
Em ission i s  shown ex ten d in g  in to  e x c i ta t io n  reg io n  to  
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A nother and more a la g a n t method o f a n a ly s in g  th e  components 
o f  e x c i ta t io n  s p e c tra  I s  by th e  d e te rm in a tio n  o f  r a l a t lv a  p o la r i s a ­
t io n s  u s in g  th e  p h o to se le c tio n  ae th o d  (1 ). In  t h i s  techniquA , I t  i s  
n o t  n e c e ssa ry  to  m easure a b s o lu te  p o la r iz a t io n s ,  only  th e  p o la r iz a ­
t io n s  o f  bands r e l a t l v a  to  each o th e r .  I t  has been p re d ic te d  In  
e x te n s iv e  c a lc u la t io n s  by McGlynn and Smith (24) th a t  a t  l e a s t  fo u r  
t r a n s i t i o n s  and  p robab ly  f iv e  occu r In  th e  e x c i ta t io n  spectrum  o f 
u ra n y l .  Three o f th e se  would occu r in  the  re g io n  between 20,000 c a “ ^ 
and  25,000 cm”*. The p o la r iz a t io n s  o f th e se  bands would be expected  
to  be n e g a tiv e , p o s i t iv e ,  n e g a tiv e  going from lower to  h ig h e r 
f re q u e n c ie s . In  th e  h ig h e r  energy  reg io n  o f  th e  e x c i ta t io n  
spectrum , c a . 3 5 , 0 0 0  cm"* to  c a . 3 3 , 0 0 0  cm“ *, they  have p re d ic te d  
th e  p resen ce  o f one p o s i t iv e ly  p o la r iz e d  t r a n s i t i o n  and p robab ly  one 
w hich I s  n e g a tiv e ly  p o la r iz e d .
Experim ents to  t e s t  th e se  p re d ic t io n s  were c a r r ie d  o u t on 
U0 2 (N0 3 ) 2 *6H20  In  1 m ethanol-4  e th a n o l g la s s .  This i s  by no means 
a  p e r f e c t  system  s in c e  s t r a i n s  in  th e  g la s s  In tro d u ce  an o r ie n ta t io n  
o f  th e  m o lecu les . A d d it io n a lly , when round sample tubes a r e  u sed , 
th e re  I s  some s e le c t iv e  d e p o la r iz a t io n  by th e  tube w a lls .
A c o r re c t io n  f a c to r  can be in tro d u ced  i f  measurements a r e  made 
w ith  bo th  E e x c i ta t io n  and B e x c i ta t io n  (where B and B a r e  p o la r iz a ­
t io n  p lan es  90° a p a r t ) .  In  an unpublished  work, Azumi has shown 
th a t  th e  s im p le  r e l a t i v e  p o la r iz a t io n  eq u a tio n  given by A lb rech t (1 ):
can  be m odified  to  produce c o r re c te d  v a lu es  from which th e  e f f e c t  o f  
nonhom ogeneity in  th e  g la s s ,  p o la r iz a t io n  by r e f le c t io n  from o p t ic s ,
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a n d o th e r  so u rces  o f sp u rio u s  p o la r is a t io n  can  be c a n c e lle d . A z m i 's  
e q u a tio n  a s  'used in  t h i s  work i s :
BE -  BE
P .  BB BB
-BE-+ JB L
IB BB
The r e s u l t s  o f  th e  p o la r is a t io n  m easurem ents a re  shown in  
T able XX and F igure  23. In  a  g e n e ra l way, th e  observed  p o la r i s a ­
t io n s  fo llo w  th e  p re d ic te d  p a t te r n  i f  th e  b a s e l in e  o f ze ro  r e l a t iv e
p o la r is a t io n  i s  allow ed to  f a l l  a long  th e  l i n e  la b e le d  - . 1  r e l a t iv e
p o la r iz a t io n .  Such a  procedure may n o t be to o  a r b i t r a r y  s in c e  th e  
e r r o r s  Invo lved  in  th e se  measurements a r e  n o t  w e ll  u n d ersto o d , i . e . ,  
a  b a s e lin e  low ering may be re su ltin g *  from  -some-unknown n n d  u n co r­
re c te d  f a c to r .  The on ly  o th e r  re p o rte d  p o la r iz a t io n s  o f  1102(1103) 2 * 
6 H2O a re  th o se  o f Volodko, e t  a l . (4 5 ). In  V olodko 's work, 
a p p a re n tly  no a ttem p t a t  c o r re c tio n s  has been made which would 
g iv e  a  n u m erica lly  c o r re c t  p o s it io n in g  o f  th e  zero  p o la r iz a t io n  
b a s e l in e .  C onsequently , th e  e n t i r e  p o la r iz a t io n  spectrum  shown i s  
p o s i t iv e .  However, w ith  s u i ta b le  r e p o s i t io n in g  o f  t h e i r  b a s e l in e ,  
th e  two s p e c tra  ag ree  reaso n ab ly  w e ll .
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T able XX. R e la tiv e  P o la r iz a tio n s  fo r  U(>2 (1103) 2*61120 
W avelength, mu R e la tiv e  P o la r iz a tio n
475 -.1 2 5
470 - . i l l
465 - .0 4 8
460 -.2 3 5
455 -.1 2 6
452 -.0 9 5
450 -.1 2 3
447 - .1 0 9
445 - .1 0 8
442 -.0 7 2
440 -.1 0 8
437 -.1 2 7
435 - . 1 2 0
432 -.0 5 2
430 -.0 4 2
427 -.0 8 9
425 - . 1 0 0
420 -.0 6 9
415 -.0 6 3
410 -.0 6 0
405 -.007











355 - . 1 1 0
352 - . 1 1 0
350 + .030
347 -.0 4 0
345 -.0 2 6
342 - .0 9 0
340 -.077
337 -.106
335 -.0 6 0
330 -.0 5 9
325 -.054
320 -.024





R ela tiv e  P o la r iz a tio n  Spectrum of
S o lven t: m ethanol + e th a n o l, 1 :4
C on cen tra tio n : 0,05 m olar
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A. Instrum en ts
1. S te in h e i l  U n iv ersa l S pectrog raph , Model 6 . B.
2 . Leeds and Northup Recording D ensltoa ie te r
3 . Beckman Model IR-7 Recording In f ra re d  S pectrom ete r
4 . Aminco-Kelrs Recording S pectropho tophosphorlm eter
B. Techniques
1. High r e s o lu t io n  phosphorescence s p e c tra  were photographed 
on Eastman Kodak 1 0 3 -a -f p l a t e s ,  u s in g  th e  S te in h e i l  S p ec tro g rap h . 
C a lib ra t io n  was accom plished w ith  m ercury and po tassium  G ates 
lamps. Frequency e r ro r s  were le s s  than  ± 10 cm***.
I t  was e s s e n t i a l  to  check the  scann ing  speed o f th e  Leeds 
and Northup d en sito m ete r a s  each p la te  was be ing  t r a c e d .  A ll 
em issions re p o rte d  were " to t a l  em iss io n s"  from f r o n t  s u rfa c e  
I l lu m in a tio n  o f fro zen  suspenslpns In  PH. F i l t e r s  used were 
Corning CS 7*54 fo r  l r r i a d i a t i o n  and CS 3*71 fo r  em iss io n . 
P o s s ib i l i ty  of sample decom position was checked by in f r a r e d  s p e c tr a  
o f  samples b e fo re  and a f t e r  photographing  e m iss io n s . No decomposi* 
t io n  was observed .
2 . In f ra re d  s p e c tra  were o b ta in ed  u s in g  th e  Beckman I r - 7 .
In  th e  reg io n  5000 cnT^ to  700 cm"*, n u jo l  m ulls  on rock  s a l t  were 
u sed . In  th e  reg io n  200 cm“l  to  300 cm"*, th e  same type o f  m u ll 
was supported  on p o ly e th y len e  f i lm s .
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3. E x c i ta t io n  sp e c tra  w ere o b ta in e d  on th e  Amlnco-Keirs 
In s tn a s a n t  u s in g  suspensions o f  th e  compounds In  fro zen  PH.
4 . Phosphorescence l i f e t im e s  were measured u s in g  th e  Aminco- 
E s ir s  a p p a ra tu s  i n  connection  w ith  an  o s c il lo s c o p e . Decay curves 
w ere pho tog raphed  and measurements made d i r e c t ly  from la rg e  p r in t s .
C. Chem icals 
Compound 
D02S04 -3H20 
U02S04I 2S04 *2H20  
U02 (C2 H302 > 2 * 2 ^ 0
002 (N03 ) 2 • 6H20 
|(C2H5 ) 4n] 3  Ju° 2 (SOT)^]
U°2 (HH3)4 (C104 ) 2
U02 (09^ 0 ) 2 * (G9H5NOH) 
KgUOj, (CN) 2 (N03 ) 2 
U02 (en ) 2 (N0 3 ) 2 
uo2 (nh3 ) 2 (no3 ) 2
U02 (N03) 2 * 3H20
Source
S. W. S h a ttu ck  Chemical Co.
C ity  Chemical C orporation
J .  T. Baker Company
M allln k ro d t Chemical Works
P repared  in  th e se  la b o ra to r ie s  
by J .  Meyer
P repared  in  th e se  la b o ra to r ie s  
by B. 6 . Shauburger
P repared  in  th e se  la b o ra to r ie s  
by B. 6 . Shamburger
P repared  in  th e se  la b o ra to r ie s  
by J .  K. Smith
P repared  in  th e se  la b o ra to r ie s  
by J .  K. Smith
P repared  in  th e se  la b o ra to r ie s  
by J .  K. Smith
P repared  in  th e se  la b o ra to r ie s  
by a u th o r
Grads




Commercial compounds ware used  a s  re c e iv e d . S ynthesized  
compounds w ere washed w ith a b s o lu te  e th a n o l and d r ie d  in  a i r  
im m ediately  b e fo re  use .
CONCLUSIONS
I t  ap p ears  th a t  th e  phosphorescence s p e c tra  o f  u ran y i compounds 
can be r a th e r  com plete ly  accounted  fo r  In  term s o f com binations and 
harm onics o f th e  fundam ental v ib ra t io n a l  modes o f U O^, a lth o u g h , in  
some c a s e s , f re q u en c ie s  a r i s in g  from th e  lig an d s  may appear a s  w e ll .
A d e ta i le d  a n a ly s is  o f such a  spectrum  o b ta in ed  w ith  h ig h  r e s o lu t io n  
can p ro v id e  a w ea lth  o f d a ta  n o t o th e rw ise  e a s i ly  a c c e s s ib le .
th e re  seem to  be two g e n e ra l types o f u ra n y i phosphorescence: 
one i s  a weak, lo n g -liv e d  em ission  which probab ly  a r i s e s  from a 
c r y s t a l - t r a p  mechanism; th e  o th e r ,  co n v en tio n a l t r i p l e t  s t a t e  phos­
phorescence having a  ~ ^ l / 2  ® 3 X 10"^ seconds. Very l i t t l e  v a r i a ­
t io n  o f  t h i s  l a s t  type i s  observed  in  d i f f e r e n t  compounds; a p p a re n tly  
l ig a t io n  a f f e c t s  th e  l i f e t im e  v e ry  l i t t l e .  The fo rb id d en  (0 ,0 )  
em ission  band ap p ears  to  have a somewhat longer l i f e t im e  a s  I s  
expec ted .
A f a i r l y  c o n s is te n t  r e l a t io n  i s  seen  to  e x i s t  between th e  
(0 , 0 ) em ission  frequency  and th e  e le c tro n  donor p ro p e r t ie s  o f 
lig an d s  a tta c h e d  to  u ra n y i. This dependence can be r a t io n a l iz e d  
by sim ple e l e c t r o s t a t i c  c o n s id e ra tio n s . The sp ec tro ch em ica l s e r ie s  
thus o b ta in ed  i s  c o n s is te n t  w ith  those  based  on t o t a l l y  d i f f e r e n t  
c o n s id e ra t io n s .
I t  would appear th a t  a t  l e a s t  in  some ca se s  th e  p resen ce  o f 
a  lig a n d  bonded through n itro g e n  may weaken o r su p p ress  u ran y i
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phosphorescence. No e x p la n a tio n  f o r  t h i s  o f f s e t  i s  r s s d i ly  s p p s r s a t .
Ths u ss  o f  an sq u a tio n  of th s  Badgsr ty p s  f o r  p r s d ic t io n  of 
D-0 bond d is ta n e s s  g iv s s  r s a so n a b ls  r s s u l t s .  A lthough com parison 
o f  p r s d ic ts d  and  ex p erim en ta l d is ta n e s s  shows a  r s l a t i v s  s r r o r  o f  
on ly  ab o u t 4X, t h i s  f ig u r e  i s  a lm ost a s  la rg e  a s  th s  v a r ia t io n  
expected  between even rem ote ly  s im i la r  u ra n y l compounds. Con­
se q u e n tly , a s  a  com parative to o l ,  th e  method i s  d e f in i t e ly  l im ite d  
a t  p re s e n t .
C a lc u la tio n  o f th e  r a t io s  o f  synm etric  and asym m etric 
s t r e tc h in g  fre q u e n c ie s  u s in g  a  v a len ce  fo rc e  f i e l d  tre a tm e n t has 
p re d ic te d  a  v a lu e  which a g ree s  reaso n ab ly  w e ll w ith  th e  e x p e r i­
m en ta lly  determ ined  v a lu e . While n o t co n c lu s iv e  p ro o f o f  the 
l i n e a r i t y  of th e  io n , t h i s  i s  n e v e r th e le s s  a  s tro n g  in d ic a t io n .
Simple sp ac in g  a n a ly se s  o f th e  a c t iv a t io n  spectrum  of u ran y l 
show th e  p resen ce  o f s e v e ra l  e le c t r o n ic  t r a n s i t io n s  w ith  superposed 
v ib r a t io n a l  s t r u c tu r e .  The p resen ce  o f more th an  one t r a n s i t i o n  
d e s tro y s  an in c ip ie n t  m irro r  image r e la t io n s h ip  o f em ission  to  
e x c i ta t io n .  P o la r iz a t io n  measurem ents made on
in  1-m ethanol: 4 -e th a n o l g la s s  a re  n o t f r e e  from e r ro r s  b u t n ev e r­
th e le s s  in  g e n e ra l ten d  to  confirm  th e  p re d ic te d  p o la r iz a t io n s  o f 
th e  v a r io u s  t r a n s i t i o n s .  I f  s u i ta b le  a llow ances f o r  e r r o r  in  
a b s o lu te  p o s it io n in g  o f  th e  zero  p o la r iz a t io n  b a s e l in e s  a re  made, 
th e se  r e s u l t s  a g re e  re a so n a b ly  w e ll w ith  th o se  re p o rte d  by Volodko 
and co-w orkers (4 5 ).
There a r e  s e v e ra l  to p ic s  which m ight be In v e s t ig a te d  f u r th e r  
in  o rd e r  to  c l e a r  up some o f  th e  unanswered q u es tio n s  in  th i s  work:
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1 . Exam ination o f n o ra  compounds c o n ta in in g  sp e c ie s  l lg a ta d  through 
n ltro g a n  to  confirm  th a  p o s tu la te d  O rig in  o f  th e  phosphorescence 
quenching a f f e c t  must be made b e fo re  a tte m p tin g  any r a t i o n a l i ­
s a t io n s .
2 . F u r th e r  s tu d ie s  to  determ ine th e  o r ig in  and n a tu re  o f  th e  long - 
l iv e d  phosphorescence should  be c a r r ie d  o u t.
3 . C o r re la tio n  o f  ̂ 1 / 2  v a lu es  w ith  In te g ra te d  in te n s i ty  o f  th e  
phosphorescence a t  v a rio u s  tem p era tu res  in  o rd e r  to  shov the  
e x is te n c e  o f th e  co m p e titiv e  dep o p u la tio n  p ro cesses  ( i . e . ,  
phosphorescence em ission  and l a t t i c e  in te r a c t io n )  m ight be o f 
i n t e r e s t .  A pparen tly  th e  r e l a t iv e  m agnitudes o f th e  two p ro cesses  
v ary  w idely  in  d i f f e r e n t  compounds.
4 . D eterm ination  o f th e  s t r u c tu r e  o f pC 2H5 ) 4t l j3 jw ^ S C N ^ J  
would be of some I n t r i n s i c  i n t e r e s t .  I t s  dual l i f e t im e s  and 
th e  p resen ce  o f in f r a r e d  bands in  bo th  th e  M-S and M-N reg io n s  
s tro n g ly  su g g est a  b r id g in g  complex.
5 . A sy s te m a tic  s e r ie s  o f u ran y l complexes having  pure lig an d s  
should  be examined in  o rd e r  to  ex tend  th e  phosphorescence 
sp ec tro ch em lca l s e r i e s .
6 . F u r th e r  re fin em en t o f th e  Badger eq u a tio n  to  f i t  th e  s p e c i f ic
4*4*case  o f UO2 i s  c e r ta in ly  p o s s ib le .  I t  should  be born  in  
mind th a t  such a  f u r th e r  m o d ific a tio n  ( e .g . ,  a d d i t io n  o f th i r d  
a d ju s ta b le  param eter) w i l l  make the  e q u a tio n  even le s s  g e n e ra l. 
N ev e rth e le ss  one m ight a r r iv e  a t  an eq u a tio n  which would f i t  
o th e r  oxyions a t  l e a s t  a s  w e ll as  i t  p re s e n tly  f i t s  u ra n y l.
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